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ABSTRACT
DESIGN OF A PASSIVE ANKLE PROSTHESIS WITH
POWERED PUSH-OFF USING A CAM TIMING MECHANISM
Jacob J. Rice, B.S.
Marquette University, 2014
This thesis presents the design and simulation results of the CamWalk, a novel
passive prosthetic ankle that has mechanical behavior similar to that for a natural ankle.
The CamWalk uses a compression spring network that allows coupling between two
degrees of freedom; one for translation along the leg and another for rotation about the
ankle joint. When walking, potential energy from the person’s weight is stored in the
spring network in deflection along the leg. The energy is released by the network as
rotation of the foot. The amount of translational work that is converted to rotational work
about the ankle is proportional to the maximum allowed leg deflection, which was limited
to 15 mm.
A quasi-static model is used to assess the performance of the design and is used in
the optimization of the design parameters. Optimizing the design parameters to match the
natural ankle characteristics of published average kinetic and kinematic data from gait
analyses, yields a design that provides 44.47% of the net rotational work of a natural
ankle. Conventional compression springs, used for the spring network of the CamWalk,
are interchangeable. These springs are optimized for the individual user, keeping the same
prosthesis geometry determined by the optimization for the average walker. Simulation
results for three individuals show that spring optimization is sufficient to produce 44.4%
(or more) of the natural ankle work. The individual subject results also show that the
CamWalk preforms reliably even with variation in the dynamics on the walker.
A proof-of-concept prototype was fabricated and tested to verify the quasi-static
model accuracy and validate the overall approach. The prototype was "walked" using an
industrial robotic manipulator as a positioning source. The deflection and load profiles
were measured using potentiometers and a 6-axis force/torque sensor. The prototype’s
measured rotational work was 93.7% of the work predicted by the quasi-static model,
verifying the model’s accuracy and demonstrating that energy generated in the deflection
is converted into torque about the ankle.
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1CHAPTER 1
INTRODUCTION
This thesis presents the design and model verification of the CamWalk, a novel
passive ankle prosthesis. The novel aspect of the design will allow the amputee to walk
with a more natural gait than that for existing passive prostheses. Section 1.1 describes the
design objectives of the novel device. The primary objective is to obtain natural ankle
behavior while walking on level ground. An overview of the natural ankle behavior is
given in Section 1.2. Currently available prostheses are discussed in Section 1.3.
1.1 Problem
Transtibial amputation, also known as below-knee amputation is one of the most
frequently performed amputation in the United States. It was estimated that 159,000
transtibial amputations were performed in the United States in 1996 [1]. In recent years,
the frequency of transtibial amputation has increased drastically due to the increasing
prevalence of vascular diseases and diabetes. Poor blood circulation from vascular disease
often causes a need to amputate the effected limb. It was estimated that 623,000 major
lower limb amputations were performed in the United States in 2005, in which 81%
resulted from dysvascular conditions [2]. Of the transtibial amputees, 92% are fitted with
an ankle prostheses within one year after the amputation [3]. Having a functional limb
replacement that the amputee feels physically and socially comfortable wearing,
significantly improves their quality of life [4] [5].
Current passive ankle prostheses provide a good cosmetic solution with some
functional performance, but they do not provide the power generation at the ankle to
propel the body forward for walking. Without the push-off provided from power
generation at the ankle, the amputee must compensate with various strategies, including
increasing the ankle range of motion (ROM) and increasing the hip power of the intact
2limb [6] [7]. These compensations result in asymmetric gait, causing greater energy
expenditure and joint stress. The most critical design aspect of an ankle prosthesis for
correcting the gait asymmetry is providing power at the ankle. There are some active
ankle prostheses that generate power at the ankle using a motor and battery to improve the
amputee’s gait. Active prostheses do a better job facilitating walking, but they are much
more expensive and are bulkier than passive prostheses. The only commercially available
active ankle prosthesis is the BiOM which costs about $50,000 [8] ($40,000 more than a
typical passive prosthesis).
1.2 Natural Behavior
The primary objective in ankle prosthesis design is to have performance
characteristics that closely match the behavior of a natural ankle of a healthy individual.
The key performance characteristics are the ankle torque match profile and the match of
rotational work performed by the natural ankle. These characteristics are examined by
gait analysis.
1.2.1 Gait Cycle
A gait cycle is defined as a single sequence of functions of one limb [9]. By
convention, the cycle starts when the heel strikes the ground and ends when the same heel
strikes the ground a second time. The gait cycle is divided into the stance phase and the
swing phase. The stance phase occurs while the foot contacts the ground, from the instant
the heel strikes the ground until the instant when the toe leaves the ground after push-off.
The swing phase occurs while the foot swings, from the instant the toe leaves the initial
step to the instant the heel strikes a second time. The typical gait cycle time is
approximately 60% stance phase and 40% swing phase. In the design of the CamWalk,
the focus is on the stance phase. The stance phase is divided into three sub-phases
between the four key foot positions of the stance phase illustrated in Fig. 1.1.
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Heel-OffFoot-Flat Toe-OffHeel-Strike
Figure 1.1: Stance Phase Key Positions.
The sub-phases between the foot positions are described by the direction of the
ankle movement. The ankle angle is defined relative to the coordinate systems shown in
Fig. 1.2. The dashed line foot shows the foot at the zero ankle angle position, in which the
sole of the foot is oriented 90◦ to the leg. The dashed coordinate system is attached to the
leg body at the ankle joint; the solid coordinate system is attached to the foot. The positive
directions of the ankle angle, θ, and ankle torque, T , are shown in Fig. 1.2. Bending the
foot toward the leg is called dorsiflexion; this corresponds to an increase in the ankle
angle. Bending of the foot away from the leg is called plantarfexion; this corresponds to a
decrease in ankle angle. In general, the terms dorsiflexion and plantarflexion indicate the
direction of movement independent of the ankle angular position. However, ankle angular
position is frequently reported in terms of a dorsiflexion or plantarflexion angle where a
dorsiflexion angle is a positive ankle angle and a plantarflexion angle is a negative ankle
angle. For example, θ = 10◦ is 10◦ of dorsiflexion, and θ = −10◦ is 10◦ of plantarflexion.
The sub-phases are:
1. Controlled Plantarflexion (CP). This phase begins at heel-strike and ends at
foot-flat. Once the heel touches down, the ground reaction force causes the foot to
rotate in plantarflexion until it is flat against the ground. This sub-phase is also
called weight acceptance because the shock absorption and limb stabilization from
the impact occurs in this phase [10].
4𝜃, 𝑇 
𝑥 
𝑦 
𝐹 
Figure 1.2: Ankle Coordinate System. Ankle Angle (θ), Ankle Torque (T), and Leg Force (F).
2. Controlled Dorsiflexion (CD). This phase begins at foot-flat and ends when the
ankle has reached the maximum dorsiflexion angle at heel-off. In this phase the foot
is planted on the ground and the ankle joint acts as a fixed pivot for the leg to rotate
about as in an inverted pendulum. The ankle angle changes from negative to
positive within this phase.
3. Powered Plantarflexion (PP). This phase begins at maximum dorsiflexion and ends
at toe-off. High ankle torque is generated in this phase to give the powered push-off
that facilitates a higher walking speed. The foot rotates about the metatarsals and
toes as it pushes off the ground.
1.2.2 Kinematics and Kinetics
In order to design an ankle prosthesis to match the natural ankle behavior, the
kinematic and kinetic characteristics of the natural ankle must be understood by looking at
the ankle angle, ankle torque, and leg force profiles. The ankle torque, T , is the torque
imposed on the leg at the ankle joint; the leg force, F, is the force acting on the leg at the
ankle joint as shown in Fig. 1.2. The angle angle, ankle torque, and leg force vary with
time for the duration of the gait cycle. Since the design focus is on the stance phase of the
gait cycle, the profiles are timed by "Stance Percent", where 100% is the end of the stance
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Figure 1.3: Ankle Angle, Ankle Torque, and Leg Force Profiles. Key Positions: (1) Heel-
Strike, (2) Foot-Flat, (3) Heel-Off, (4) Toe-Off.
phase. The dynamic profiles for a healthy walker are shown in Fig. 1.3; this is averaged
data reported by Winter [11]. The key positions 1-4 and phases between them are
indicated above the plot. The ankle angle decreases from 0◦ to -7.8◦ during CP. Shortly
after foot-flat, the leg force reaches the initial peak. The CD phase lasts for 50% of the
stance phase and ends with a maximum dorsiflexion of 6.9◦. The maximum ankle torque
of 89.8 Nm occurs shortly after maximum dorsiflexion.
The ankle angle is fairly consistent between two individuals; however, the leg
force and ankle moment are highly dependent on the subject’s mass. The normalized
(mass independent) profiles are provided in Fig. 1.4. The leg force was normalized by
dividing by the body weight. Winter reports the average mass of his subjects to be 56.7
kg, a weight of 556 N [127 lb]. The ankle torque was normalized by dividing by the static
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Figure 1.4: Ankle Angle, Ankle Torque, and Leg Force Normalized Profiles. Key Positions:
(1) Heel-Strike, (2) Foot-Flat, (3) Heel-Off, (4) Toe-Off.
stability moment1. The ankle angle profile in Fig. 1.4 is shown in radians so that the
scaling is consistent with the kinetic profiles. From the leg force profile, it is clear that the
peak dynamic loading is 7.2% greater than the static body weight. Similarly, the peak
ankle torque is 56.7% greater than the static stability moment.
1.2.3 Stiffness and Work
Ankle stiffness and the work performed by the ankle are important mechanical
properties. Both characteristics are visually depicted in an ankle torque, T , versus ankle
angle, θ, plot. The same ankle data [11] used in Fig. 1.3 was used to plot the torque-angle
curve shown in Fig. 1.5.
1If a standing person leans forward, there is a transition point where they must use their toes to keep
themselves from falling over and maintain stability. This occurs when the center of gravity is directly over
the metatarsals. The static stability moment is defined as the person’s weight times the horizontal distance
between the ankle joint and the metatarsals (0.103 m for the average person in Winter’s data).
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Figure 1.5: Torque-Angle Curve for a Natural Ankle.
The joint stiffness is indicated by the instantaneous slope of the torque versus
angle curve. The slope between positions 1 and 2 is significantly smaller than the slope
between positions 2 and 3. This means the stiffness of the ankle during CP is relatively
low. Also, the torque is negative during the CP phase indicating the muscles are resisting
the motion of the foot, which is consistent with natural experience. The ankle stiffness
increases throughout the CD phase (2 to 3) and the torque increases non-linearly. The
torque during CD (2 to 3) is lower than the torque during PP (3 to 4) for every shared
ankle position. A completely passive prosthesis can produce the torque-angle curve for
the CD phase only. Therefore, the early CD portion of the torque-angle curve is referred
to as the nominal stiffness of the ankle and is an important design characteristic.
The rotational work performed by the ankle is found by integrating the torque
curve with respect to ankle angle from point 1 to point 4, as shown by the shaded area in
Fig. 1.5. The integration from 1 to 4 corresponds to the work performed by the ankle. In
the torque-angle relationship in Fig. 1.5, the net work performed by the ankle is 18.47 J
or 0.326 J/kg. In order for the ankle to perform work on the leg, the torque-angle curve
8must progress counter-clockwise. The torque experienced at the ankle must be low during
the CD phase and high during the PP phase to give powered push-off to propel the walker
forward. If the ankle joint were purely elastic, the path from 3 to 4 would travel down the
same path between 2 and 3. If the path from 1 to 4 was clockwise, the area under the
curve would represent energy dissipated.
1.3 Current Solutions
There are many ankle prostheses available on the market today. Most of them are
passive devices that provide shock absorption and allow some relative motion between the
leg and foot. There is also an active prosthesis on the market that is able to provide
powered push-off at the ankle to facilitate walking. The advantages and disadvantages of
these prosthetic solutions are discussed in this section.
1.3.1 Passive Prostheses
Current passive ankle prostheses are light-weight and low-cost, but give limited
functional performance. The solid-ankle-cushion-heel (SACH) foot is one commercially
available prosthesis. The structure of a typical SACH foot consists of the keel, heel
cushion, and belting as shown in Fig. 1.6. The two critical functions of the SACH foot are
providing shock absorption along the leg at heel-strike and providing flexural compliance
between the leg and foot. The shock absorption is provided by the heel cushion element.
The belting and the heel cushion allow for angular motion between the foot and residual
limb. SACH feet have a very limited range of motion (ROM) due to high stiffness.
Another passive prosthetic solution is an energy-storage-and-return (ESAR) limb.
A typical ESAR limb is made of a carbon-fiber flexural spring such as the example in Fig.
1.7. Because the ESAR prostheses have greater flexural compliance, they allow for a
greater ROM and a longer mid-stance phase in the gait cycle [13]. Although the name
may suggest lower energy demand, walking with the ESAR foot has no significant
9Keel
Heel Cushion
Belting
Figure 1.6: SACH Foot Diagram [12].
Figure 1.7: ESAR Foot [16].
metabolic energy savings over the SACH foot [14]. Both options are passive devices that
do not generate rotational power about the ankle to propel the body forward. As a result,
amputees with current passive prostheses have a shorter stride, expend more energy than a
natural ankle, and have a higher respiration rate [15].
The limited performance of these prostheses is most clearly indicated by the
torque-angle curve. Gait analysis of passive ankle prostheses show energy dissipation
with the clockwise rotation of the torque-angle curve. This is entirely expected, since
there are no active components to give higher torque in the push-off phase. A typical
torque-angle curve is shown in Fig. 1.8. This curve2 shows an energy dissipation of 7.89
2Data was collected by author. Data is for 63.7 kg user of an e-motion prosthetic foot.
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Figure 1.8: Torque-Angle Curve for a Passive Prosthetic Ankle.
J or 0.124 J/kg. The net difference in work between the average natural ankle and this
prosthetic ankle is 0.450 J/kg, where the energy generated by the prosthetic ankle is
-38% of the work performed by a natural ankle. Lack of work by the ankle demands work
compensation from other joints in order keep the same walking speed that a healthy ankle
allows.
1.3.2 Active Prostheses
Active trans-tibial ankle prostheses, also known as bionic feet, have an external
power source to produce propulsive power. There are a number of promising bionic limbs
including the BiOM developed at MIT [17] and SPARKy developed at Arizona State [18],
both shown in Fig. 1.9. These devices use similar design strategies, but vary in the method
of implementation. The common strategy is to use a series-elastic actuator (SEA) in
parallel with a passive spring to reduce the motor load. An SEA is a motor connected in
series with a spring. The passive spring provides a nominal stiffness that is always
present. The SEA is used to produce the higher ankle torque at the required time in the
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(A)                                                         (B) 
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The performance of the motorized drive train is improved
by use of lead compensation, friction compensation and
feedforward techniques, as shown in Fig. 3. Experimental
investigations of the open loop drive train dynamics were
performed and used to implement these improvements [34].
The output torque versus commanded torque for level-ground
walking, ramp ascent, and ramp descent is shown in Fig. 4.
The prosthesis output torque was estimated using the strain
gauge on the series spring for the SEA torque contribution, and
the ankle angle-based parallel spring torque estimate for the
parallel spring torque contribution.
C. Clinical Evaluation
The clinical experiments were approved by MIT’s Committee
on the Use of Humans as Experimental Subjects (COUHES).
The study participant was a volunteer and was permitted to with-
draw from the study at any time and for any reason. Before
taking part in the study, the participant read and signed a state-
ment acknowledging informed consent.
The prosthesis was placed on the right leg of a healthy, active,
75 kg transtibial amputee. The subject was allowed time to walk
on the prosthesis for natural adjustment. The wireless link to the
prosthesis was used to record the walking data from these trials.
During the level-ground walking trials, the subject was asked
to walk across a 10-m-long path. The target intended walking
speed was set to 1.0 m/s to match that of the intact subject. The
subject began walking approximately 5 m from the beginning of
the pathway, and stopped walking approximately 3 m past the
end of the path. Markers on the ground were used to note the
beginning and end of the 10 m path. A stopwatch was used to
verify the average walking speed for each trial by noting when
the subject’s center of mass passed over each of the markers.
A total of 10 trials were captured. Trials with walking speeds
within 5% of the target speeds were used for processing, re-
sulting in 45 gait cycles.
The subject was next asked to walk up an 11 , 2-m-long
incline at a self-selected speed. The subject started on level-
ground approximately 2 m from the start of the incline and
stopped approximately 1 m past the incline on a platform for
10 ramp-ascent trials. This same path was then navigated in re-
verse for 12 ramp-descent trials.
D. Data Analysis
The first three and last three gait cycles of the level-ground
trials were assumed to be transients, and were therefore ignored.
Each of the remaining gait cycles were re-sampled to span 1000
data points. Mean and standard-deviation trajectories were com-
puted from the resulting data.
For both ramp ascent and descent, the last step on the ramp
was used as the representative gait cycle. Each selected gait
cycle was re-sampled and averaged in the same manner as de-
scribed for the level-ground trials.
The net work was calculated for each individual gait cycle
by numerically integrating ankle torque over ankle angle from
heel-strike to toe-off. Here the swing phase was ignored for the
network calculations. The average net work for each walking
condition was then computed from the individual gait cycle net
work values.
Fig. 9. Measured prosthesis torque-angle trajectories for three different
walking conditions: (a) level ground, (b) ramp ascent, and (c) ramp descent.
Shown are mean   one standard deviation. Arrows indicate forward propaga-
tion in time. The average prosthesis net work increases with increasing ground
slope. This result is consistent with human ankle data from the literature [35].
III. RESULTS
A. Torque Tracking
A precondition of the present experiments was the ability of
the ankle–foot prosthesis to actually produce the torques and
speeds that would be commanded by the neuromuscular con-
troller. This ability is demonstrated in Fig. 4(a)–(c), illustrating
commanded torque versus measured output torque for level-
ground walking, ramp ascent, and ramp descent.
B. Adaptation to Ground Slope
The evaluation of ground slope adaptation of the neuromus-
cular-model controlled prosthesis was confirmed by the clinical
trial data of Fig. 9(a)–(c). The numerically integrated data of
those trials gave net work values (work loop areas) as follows:
Level-Ground Joules
Ramp Ascent Joules
Ramp Descent Joules
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Figure 1.10: Torque-Angle Curve for the BiOM [20].
gait cycle for natural mechanical behavior. The motor drives a lead screw that is used to
increase the applied spring force and ankle moment.
It has been shown [20] that bionic feet such as the BiOM more closely match
natural ankle behavior. The ankle torque-angle curve from gait analysis of a 75 kg subject
walking on level ground with the BiOM is shown in Fig. 1.10. The average ankle torque
curve is shown together with curves for ± 1 standard deviation. The average performance
produced a net ankle work of 5.4 J or 0.072 J/kg.
The BiOM matches natural ankle behavior better than passive alternatives, but
does not entirely remove asymmetries in gait [21]. For powered bionic feet, the complex
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Table 1.1: Bulk Attributes - BiOM vs. VP Vari-Flex
Attribute BiOM VP VariFlex
Approximate Cost $50,000 $10,000
Mass (kg) 2.3 0.54
Build Height (mm) 143 10
components: motors, battery, sensors, and micro controllers, significantly increase the
cost and size of the device. Table 1.1 compares the cost and size characteristics of the
BiOM with the VP Vari-Flex, a passive prosthesis [8] [22] [23]. The BiOM battery life
lasts for 1,500 to 2,000 strides and must be changed every 4-6 hours [22]. The life time
expectancy of the BiOM is 3-5 years for normal use by a 250 lb user [22].
1.4 Novel Approach
This thesis introduces the CamWalk, a promising passive ankle prosthesis design,
that generates power at the ankle to give the amputee the ankle push-off that conventional
passive prostheses cannot provide. The ankle push-off performance is accomplished by
allowing a small deflection along the leg and coupling that degree of freedom (DOF) to
foot rotation with an energy storing element, a spring. Translational work performed by
the weight of the amputee is stored in the coupling spring and the energy is released as
rotation of the foot, thus providing powered push-off. Being a passive device, the
prosthesis does not require motors, batteries, or micro-controllers and therefore is lower in
cost than active prostheses. Lack of these components allows the prosthesis to be lighter
and more compact than active prostheses. The CamWalk is expected to have better
walking performance at a cost close to conventional passive prostheses.
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1.5 Overview
Active prostheses provide a more natural gait by performing the powered push-off
function of the ankle. However, the cost, weight, and compactness of passive prostheses
are frequently more attractive to the amputee. The CamWalk described in this thesis is a
passive prosthesis that performs the powered push-off function. Chapter 2 describes the
novel design concept and explains how adding the compliant coupling between two DOFs
can produce powered push-off. The build parameters of the design and simulation results
are described in Chapter 3. The implementation of the design is described in Chapter 4.
Chapter 5 describes the performance of the prosthesis in an experimental evaluation using
a robotic manipulator. Conclusions and suggestions for future work are provided in
Chapter 6.
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CHAPTER 2
CONCEPTUAL DESIGN
The goal of this work is to provide an ankle prosthesis for transtibial amputees that
closely mimics the powered push-off performance of a natural ankle. The current active
prostheses that provide this behavior are more expensive and bulkier than passive
prostheses. In this chapter, the CamWalk’s passive design concept that produces powered
push-off at the ankle is described. Section 2.1 provides a high-level description of design
concept. A first generation design, previously built and tested, is described in Section 2.2.
The design improvements and structure of the CamWalk are identified in Section 2.3.
2.1 Novel Approach
The design approach used for the CamWalk is similar to the design approach used
for active prostheses. Like the BiOM and SPARKy, a passive spring network is used to
produce the nominal stiffness of a natural ankle joint. However, instead of using an
external power source to produce the higher ankle torque for propulsion, the CamWalk
design takes advantage of potential energy stored by the weight of the user. This was
accomplished by adding an additional DOF to map translational work along the leg to
rotational work about the ankle via a coupling spring. The translational work performed
along the leg and converted to rotational work is given by:∫
F · dr ⇒ 1
2
kδ2 ⇒
∫
T · dθ (2.1)
where, k is the spring stiffness, and δ is the spring deformation. The approach assumes
that work mapped to the ankle rotation will be effectively used for propulsion. Although
this thesis will refer to this passive device as having "powered push-off", total energy is
conserved by the device.
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Figure 2.1: Novel Approach.
The high-level design concept, depicted in Fig. 2.1, has two degrees of freedom
(DOFs) and a spring network between the leg and the foot of the prosthesis. Body A is the
foot component that contacts the ground, body B is the leg component directly connected
to the foot by the ankle joint, body C is the leg component that attaches to the residual
limb of the amputee using a standard pyramid adapter. The ankle joint is a revolute
(rotational) joint that allows relative motion between body A and B. The prismatic
(translational) joint allows relative motion between body B and C. Since body B is
involved with both joints, the DOFs are expressed relative to a coordinate system fixed on
Body B at the ankle joint. One DOF, r , allows the leg component to compress from the
applied force, F, along the leg. The second DOF, θ, allows rotation of the foot about the
ankle joint and transmits an ankle torque, T , through the springs. The relationship
between the loads, F/T and deflections, r/θ, is prescribed by the spring network.
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The spring network of the CamWalk is designed to impose the natural ankle
behavior described in Chapter 1. There are three elementary functions of the spring
network: provide shock absorption, provide nominal ankle stiffness, and provide
compliant coupling between the two DOFs. These functions are performed by the springs1
ks, kn, kc respectively (shown in Fig. 2.1). The energy stored in the shock absorbing
spring depends on the stiffness ks and the leg deflection r . The energy stored in the
nominal spring depends on the stiffness kn and the deflection θ. The energy stored in the
coupling spring depends on the stiffness kc and the deflection of both r and θ. For the
coupling spring, energy stored from deflection in r is designed to be released by deflection
in θ to give the powered push-off by the ankle.
Simply having a compliant coupling between two degrees of freedom does not
guarantee desirable work mapping from one DOF to the other. The energy stored must be
released at the correct time and along the correct degree of freedom. For this device to be
successful, energy stored from leg deflection must be released after maximum
dorsiflexion. As the leg pivots about the ankle joint and progresses through the CD phase,
a low resistive torque is desired, but after maximum dorsiflexion, a high push-off torque is
required for propelling the walker forward. The high push-off torque is clearly seen on the
torque-ankle curve in Fig. 1.5; the ankle torque after maximum dorsiflexion (point 3) must
increase dramatically with very little angular movement. This torque increase is provided
by the energy stored in the coupling spring obtained during leg compression. A timing
mechanism is required to ensure that the torque increase occurs just after the peak ankle
angle at maximum dorsiflexion. If the torque increase happens prior to this time in the
stance phase, the torque would resist the motion of the walker.
The timing mechanism alone does not guarantee that the energy stored in the
coupling spring will be released by rotating the foot; the spring can also release its energy
by decompressing the leg. To ensure that the coupling spring will release its energy as
1Note: The parameter, kα , is used to denote the spring as well as the stiffness of that spring.
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torque about the ankle joint, a locking mechanism is required to restrict the leg from
decompressing. The locking mechanism must be able to unlock during the swing phase of
the gait cycle so that the prosthesis may be reset for the next stride.
2.2 First Generation Approach
The first generation of this approach includes the two DOFs and the functional
springs shown in Fig. 2.1. As in the CamWalk, all the springs are compression springs
only providing stiffness if the spring is compressed (length is shorter than its free length).
The design also included a locking/unlocking mechanism, but does not include a timing
mechanism. Lack of a timing mechanism was a design flaw that resulted in the prosthesis
operating without a powered push-off. Figure 2.2 [24] shows a schematic of the first
generation device at various positions in the stance phase.
The notation used in the previous generation was slightly different. The springs
illustrated include, k1 (two springs in parallel) as the shock absorption spring, k2 as the
coupling spring, and springs (ks1, ks2, and ks3) as the springs providing nominal stiffness.
The upper leg was called body A, the lower leg was called body B, and the foot was called
body C. Body D is the coupling spring connection whose position depends on the slot
geometry and the deflection of the upper leg body. The applied leg force from the walker’s
weight compresses the upper leg body to force body D further down the slot as shown in
the (2) Foot Flat panel2. At (3) Heel Rise, which roughly corresponds to maximum
dorsiflexion, the locking mechanism is shown restraining body D from moving back up
the slot. The unlock mechanism is a lever arm hinged on the lower leg body, shown in
panel (4) of Fig. 2.2. A small pin on the upper leg body forces the lever arm down to
release the lock once the k1 spring pushes the upper leg body back up. The release occurs
when the walker’s weight is off the prosthesis at the beginning of the swing phase.
2Note: This is not the Foot-Flat key position, but a configuration between Foot-Flat and Heel-Off
1829 
 
Figure 2.6  Movements of Prosthetic Ankle during Stance Period 
Figure 2.2: First Generation Approach at Key Stance Positions.
19
58 
simultaneously in this test. After that, the prosthetic ankle rotates in plantarflexion 
(negative) direction again to release front springs (k2, ks2 and ks3) and compress spring ks1 
until push-off. The ankle torque then decreases to zero and all springs go back to the free 
length after push-off.  
Large differences are observed between the ankle angle and the leg force of ―Robot 
Prosthesis‖ and those of ―Average Natural‖. In Figure 4.5, the ―Robot Theoretical‖ curve 
represents the predicted ankle torque calculated using ankle angle and leg force data 
acquired during robot testing as inputs. The ―Robot Theoretical‖ result is different to the 
―Theoretical Prosthesis‖ result, but very close to the ―Robot Prosthesis‖ result, which 
indicates that the ankle torque is sensitive to the changes of ankle angle and leg force and 
indicates that the calculated ankle torque results are very close to those deserved.  
  
Figure 4.6  The Torque-Angle relationship for Robot Test and Comparisons 
Figure 4.6 shows the comparisons among results of ―Average Natural‖, ―Robot 
Prosthesis‖ and ―Robot Theoretical‖. It indicates that the torque-angle relationships of the 
robot prosthesis, robot theoretical and ―Theoretical Prosthesis ‖ (shown in Figure 2.8) are 
similar (with no clear active behavior). The average human ankle shows much more 
active behavior than both of them.  
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Figure 2.3: Torque-Angle Curve for the First Generation Approach.
Although the prosthesis operated as described, its performance was less than
expected; the reasons are related to timing. Body D was forced down and locked in place
very soon after heel strike. Because the coupling spring was locked prior to the controlled
dorsifexion (CD) phase, the higher torque from the coupling spring resisted the
progression of the leg pivoting forward. By fixing the spring connection location early in
the cycle, the torque-ankle curve followed the same path in plantarfexion as in
dorsiflexion. This is shown in the theoretical torque-angle relationship curve in Fig. 2.3.
The result shows elastic behavior with no net rotational work being done. The detail view
on Fig. 2.3 does show a small net area, but this was only numerical error as the area was
defined by three data points. Lack of the timing mechanism was detrimental to the
functional performance of the device.
2.3 Second Generation Approach
The second generation approach (CamWalk) kept some design aspects used in the
first generation, including the use of compression springs and a slot in body B. The most
important design change was the inclusion of a cam for timing. The CamWalk is shown in
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Fig. 2.4 at key stance positions. The key positions shown are consistent with the positions
described in Chapter 1. At positions 3 and 4, the prosthesis spring connection geometry
undergoes a significant change. Panels (3a)/(4a) show the prosthesis configurations just
before the change and (3b)/(4b) show the prosthesis configurations just after the change.
Summary of the rigid bodies:
Body A This is the foot body that rotates about the ankle joint relative to the leg. The
cam is part of body A as there is no relative motion between the foot and cam.
Body B This is the lower leg body that directly connects to the foot by the ankle joint.
Body C This is the upper leg body that connects to the amputee’s residual limb. Body
C slides relative to body B along the leg.
Body D This is a slider that moves along a slot in body B whose position is defined by
the leg deflection, r , of body C. The coupling spring, k2 is connected to body
D.
Body E This is the link that connects upper leg body C to the sliding body D. As body
C is pushed down, body E causes body D to be pushed down along the slot.
Body F This body is the cam follower that is also a connection point for the shock
absorption spring, k1. The shock absorption spring is engaged when Body F is
supported by the cam and located directly over the ankle joint.
Summary of the springs:
k1 = ks Shock absorption spring. Connected to body C and body F. While the spring
is engaged, the line of action passes through the ankle joint along the leg axis.
k2 = kc Coupling spring. Connected to body A and body D.
k3 = kn1 Nominal plantarflexion spring. Connected to body A and body B. This spring
is engaged only at plantarflexion angles (negative ankle angles).
k4 = kn2 Nominal dorsiflexion spring. Connected to body A and body B. This spring is
engaged only at dorsiflexion angles (positive ankle angles).
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Figure 2.4: CamWalk at Key Stance Positions.
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For the second generation design, the shock absorption spring was selected to be
much stiffer than in the first generation. High stiffness in the k1 spring keeps body C from
deflecting a great amount while this spring is engaged. Minimizing the leg deflection
reduces the compression of the coupling spring, thus reducing the resistive ankle torque
during controlled dorsiflexion (CD). Foot-Flat (2) in Fig. 2.4 shows that body C and D
deflect slightly after heel-strike (1). However, once the foot gets to the maximum
dorsiflexion position (3), the follower (body F) slips off the cam and disengages k1.
(Springs with dashed lines in Fig. 2.4 indicate they are not providing force). When the
shock absorbing spring becomes disengaged, the link pinned on body C experiences the
total load of the leg force applied by the amputee, causing the slider to travel down the
slot. The slider compresses the coupling spring k2 at the correct time - after maximum
dorsiflexion. The link also serves as a locking mechanism when the link becomes parallel
with the slot at the maximum leg deflection. The mechanical advantage forces spring k2 to
release its energy by rotating body A. The foot rotates until just before toe-off, see panel
(4a) in Fig. 2.4. Once the toe actually leaves the ground, the weight of the prosthesis pulls
bodies A and B down from body C thus resetting the prosthesis for the next heel strike.
2.4 Summary
The novel design concept of coupling the leg deflection DOF with the foot rotation
DOF allows translational work to be stored as elastic potential energy and released as
rotational work. Thus, the force from the weight of the amputee can be used to increase
ankle torque during the powered plantarflection (PP) phase in the gait cycle to achieve
powered push-off by the ankle to propel the walker forward. The timing and locking
mechanism are necessary for the work to be mapped beneficially. Failure of the first
generation design illustrates the importance of the timing mechanism. In CamWalk, the
timing mechanism is realized by including a cam and follower to disengage the shock
absorption spring. The selection of design parameters that influence the quality of the
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prosthesis performance is described in the next chapter.
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CHAPTER 3
PARAMETERIC DESIGN
As previously stated, the CamWalk uses a spring network to obtain ankle torque
and work characteristics similar to those of a natural ankle. In this chapter, the optimized
design parameters of the CamWalk are reported along with a comparison between
simulated results and natural ankle performance. The quasi-static model and computer
simulation used to calculate the theoretical torque-angle curve are described in Sections
3.1 - 3.3. The inputs to the model are: the ankle angle profile, θ(t), and the leg force
profile, F (t), for an average healthy person. Section 3.4 describes the method of
optimization used to determine the best design parameter values. The optimized results
for the average walker are reported in Section 3.5.
3.1 Modeling Strategy
Computer optimization is used to determine the best parameter values to match the
natural characteristics described in Chapter 1. The performance of a specific design is
assessed by a quasi-static model relating loads and deflections. This model is used in the
prosthesis optimization. For the 2 DOF model of the CamWalk, two inputs are required
and two outputs are produced. For a single DOF, the input can either be a load or
deflection. For the translational degree of freedom, the leg deflection, r , and the leg force,
F, are related; one must be selected as the input. For the rotational degree of freedom the
ankle angle, θ, and ankle torque, T , are related; one must be an input into the model.
The leg force, F, was selected to be the input for the translational degree of
freedom since it has been shown that the leg force profile is fairly consistent for walking
regardless of ankle behavior. A study on pathological gait showed that a fused
(non-moving) ankle had the same leg force profile as the natural ankle [25].
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The ankle angle, θ, was selected to be the input for the rotational degree of
freedom. The amputee is not able to directly control the prosthesis ankle torque. However,
using the knee and hip joints, it is possible for the amputee to enforce the ankle angle on
the device. It is assumed that an amputee’s gait will be similar to that of a normal walker
if sufficient energy is available for push-off. Because of the interaction between the
loading and deflection of this pair, a close match between simulated results and natural
ankle torque is desired.
3.2 Design Parameters
The design parameters consist of all the information necessary to design the spring
network of the prosthesis. The parameters are shown on Fig. 3.1. The parameters include:
all spring rates, all spring connection locations, the link connection position on body C,
the slot position, and the slot angle. All location parameters are expressed as a coordinate
pair (x, y) relative to the coordinate system (CS) attached to the leg body for the no-load
equilibrium position of the device (Fig. 3.1).
The spring rates are denoted as "ki", where i is the spring number (1-4). The
spring connection locations are denoted by "Body0i" where "Body" is a letter (A,B,C)
representing the body to which the spring is connected. The "0" simply emphasizes that
these parameters are relative to the no-load equilibrium position for which there is zero
leg deflection (r = 0) and zero ankle angle (θ = 0). In Fig. 3.1, all spring connection
locations are design parameters except for the connections of spring k1. Because the
orientation of spring k1 does not change, the absolute locations of the spring connection
are not necessary for the torque and deflection calculations. The connection of the link to
body C is simply denoted as C0 since it is the only1 connection point on body C. The slot
location is defined by the initial slider (body D) location and is denoted by D0. The slider
shares a connection with the coupling spring and the link. The orientation of the slot is
1Note: The k1 spring connection to body C is not a design parameter.
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Figure 3.1: CamWalk Design Parameters. Design Parameters Specified in the No-Load Equi-
librium Configuration.
defined by the slot angle, γ. The slot angle and spring rates are defined by scalar values,
all locations are defined by an (x,y) coordinate pair relative to the CS shown in Fig. 3.1.
3.3 Model Description
A numerical model is used to determine the functional torque and deflection
characteristics of the design. A high-level overview of the model is first described in this
section. This is followed by a presentation of the free body diagrams (FBDs) used to
derive the model equations.
3.3.1 High Level Description
As stated in Section 3.1, a quasi-static model is used to assess theoretical
performance of the CamWalk. The inputs and outputs of the model are shown in Fig. 3.2
and defined as:
Inputs θ(t) The ankle angle profile.
F (t) The leg force profile.
Outputs T (t) The ankle torque profile.
r (t) The leg deflection profile.
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Figure 3.2: Model Inputs and Outputs.
Inertial effects are neglected and the system is analyzed as a series of static
equilibrium positions. The input profiles are not time-continuous; they are a finite vector
of values indexed by the frame time, ti. At a time ti, the ankle angle, θ(ti), and leg force,
F (ti) are used to find the leg deflection, r (ti), and the ankle torque, T (ti), required for
static equilibrium.
3.3.2 Torque Calculation
The ankle torque, T , that is applied to the leg is found by summing the applied
torques from each spring.
T =
∑
Tk (3.1)
The torque, Tk , exerted at the ankle by a single spring with an arbitrary position is found
using:
~Tk = ~B × ~Fk , (3.2)
where ~B is the position vector of the spring connection to body B and ~Fk is the force
vector of the spring acting on body B. An example spring configuration is shown in Fig
3.3 along with the FBD showing the spring force vector.
Because this is a planar mechanism, the torque applied by the spring, Tk , is the
z-component of ~Tk . The spring force, ~Fk , is given by:
~Fk = kδ *,
~A − ~B
L
+- , (3.3)
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Figure 3.3: Arbitrary Spring Orientation.
where k is the spring rate, and the spring deformation is calculated by
δ = (L − L0), (3.4)
where L is the distance between the spring connections also treated as the current length
of the spring. Since compression springs are used, the spring force is zero if the current
spring length, L is greater than the spring’s free length, L0.
3.3.3 Foot Connection Location Calculation
In order to calculate the torque induced by a spring, the spring connection
locations must be found. The spring connections to body B, are the same for every time,
ti, because the CS is fixed to body B. The spring connections to body A are found for each
ankle angle, θ, using a planar rotation transformation matrix. The connection position
vector ~A is found by pre-multiplying the zero-angle position vector, ~A0 by the rotation
transformation matrix
~A =

cos(θ) − sin(θ)
sin(θ) cos(θ)

~A0. (3.5)
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Figure 3.4: Evaluation of Static Equilibrium Positions of Bodies C and D.
3.3.4 Slider Position Calculation
The only parametric spring connection that is not fixed to bodies A or B is the
coupling spring connection to body D (slider). The stable equilibrium position of body D
must be found be found in order to evaluate the torque induced by the coupling spring.
For a specific ankle angle, θ, the positions of body C and body D depend on the the leg
force2, F. The strategy for finding the equilibrium is to select a position of body D, then
determine the resultant force on body C. If the resultant force acting on body C is zero,
the system satisfies the conditions for static equilibrium. Figure 3.4 illustrates prosthesis
geometry and the FBD’s associated with bodies C and D. Positive force and displacement
on body C are in the positive y-direction.
The resultant force, FCnet , on body C is found using the FBD of body C shown in
Fig. 3.4(b). Equilibrium is satisfied if
FCnet = F − Fk1 − FLy = 0, (3.6)
2Note: The leg force is treated as a force component in the y direction.
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where the spring force, Fk1, is given by
Fk1 = k1(Cy − C0y), (3.7)
and FLy is the vertical force component transmitted by the link. The link force is found
using the FBD of body D, shown in Fig. 3.4(c). The magnitudes of the link force, FL, and
of the slot force, Fs, is: 
Fs
FL
 =

sin(γ) (Cx−Dx )L
cos(γ) (Cy−Dy )L

−1
~Fk2. (3.8)
The spring force, ~Fk2 can be found using
~Fk2 = kδ *,
~A − ~D
Lk2
+- , (3.9)
where Lk2 is the distance between the spring k2 connection points A and D and
δ = (Lk2 − L0k2 ). To find this force, the vectors ~A and ~D must be determined. The spring
position on body A, ~A, is found using the rotation transformation in Equation 3.5. For ~D,
the y-component is the independent variable; the x-component is found using the slot
geometry.
Dx = D0x +
(D0y − Dy)
tan(γ)
(3.10)
The position of body C relative to D is found using the link length. Because
Cx = C0x ,
Cy = Dy +
√
L2 − (C0x − Dx)2. (3.11)
All the equations for finding FCnet are now defined. The x-component of ~D is
explicitly defined in Eq. 3.10 with known values and is substituted into Eq. 3.11 to find
the vertical component of, ~C. The vertical component of ~C is substituted into Eq. 3.7 to
find the force from the shock absorption spring, Fk1 on body C. The position of spring
k2’s connection on body A is found using Eq. 3.5. Now knowing ~A and ~D, the coupling
spring force, ~Fk2, is found using Eq. 3.9. Vectors ~C, ~D, and ~Fk2 are used in Eq. 3.8 to find
31
the link force, FL. The y-component the the link force is given by FL (Cy − Dy)/L. Now
that FLy and Fk1 are found, the resultant force, FCnet , on body C is calculated using Eq.
3.6. If the resultant force is zero, the chosen Dy is a solution.
3.3.5 Root Finding
Not every solution to Eq. 3.6 is a true equilibrium solution. Because the resultant
force on body C behaves non-linearly with the body position, there are multiple solutions.
However, the slider can only occupy one place at a given time. The equilibrium position
that is stable and nearest (in the proper direction of the resultant force) to the last position
of the body C is taken to be the correct (equilibrium) solution.
The solution is stable if the resultant force supplies corrective action on body C
when the body is slightly shifted from the equilibrium position. If the body shifts below
the equilibrium position, the resultant force becomes positive and pulls up. If the body
shifts up, the resultant force becomes negative and pushes down. If body C is at an
unstable equilibrium position, then any movement up or down results in the body being
forced in that respective direction until it finds a new equilibrium position. If there is no
equilibrium position in that direction, then the geometrically constrained upper or lower
bound would be the solution.
The MATLAB root finding algorithm, "fzero()", does not always select the nearest
stable equilibrium position and therefore can produce erroneous results. For this reason, a
progressive bisection search algorithm is used to consistently find the stable equilibrium
position of the slider and body C.
3.3.6 Timing Mechanism
The cam mechanism, used for disengaging the shock absorption spring, was
modeled by replacing the k1 stiffness with zero after maximum dorsiflexion. For the cam
to function, there must be some deflection along the leg when the ankle angle is at
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maximum dorsiflexion. The deflection allows the cam follower to slip down the cam
surface. If the follower does not slip down the cam, the shock absorption spring remains
engaged during plantarflexion. If the deflection condition is not met, then the spring
stiffness, k1, retains its original value.
3.4 Optimization
The quasi-static model is used to evaluate the performance of a single design with
the set of design parameters, ~X . To optimize the design, ~X is included as an input to the
quasi-static model. An objective function is used to quantify the quality of the design
based on the model outputs. These tools were used inside an optimization routine to
determine the best design.
3.4.1 Objective Function
The objective function weighs the mechanical performance and compactness
characteristics of the design to quantify the overall quality of the design. The lowest
objective function value, f ( ~X ), indicates the best design, ~X∗.
The objective function is composed of the following elements:
• Error in the torque profile match
e1 =
1
N
√√ N∑
i=1
[T (ti) − Tref(ti)]2, (3.12)
where N is the vector length of the theoretical torque profile, T (t), and Tref(t) is the
natural ankle torque profile used as a reference.
• Error in the total rotational ankle work
e2 =
W −WrefWref
 , (3.13)
where W is the theoretical net rotational work performed by the CamWalk, and Wref
is the net work performed by the natural ankle used as a reference.
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Figure 3.5: Compactness Envelope for CamWalk.
• Penalty for the device geometry exceeding a specified compactness envelope along
3 different directions corresponding to the prosthesis height and width. A ratio of
the design size dimension, xα, relative to the desired envelope dimension, xαstd ,
greater than 1 is penalized. The penalty is calculated using
e3α =

0 for xαxαstd
< 1
1
2
(
xα
xαstd
)2
− 12 for xαxαstd > 1
(3.14)
The three compactness envelope directions are shown in Fig. 3.5, where xf
determines the minimum shoe size the prosthesis can fit into, xh determines the height of
the prosthesis, and xb effects what size pant leg can fit over the prosthesis. The standard
envelope values used in the objective function are provided in Fig. 3.5.
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The objective function, f ( ~X ), including the weight factors used to assign proper
scaling based on relative importance of each function element is:
f ( ~X ) = 10(e1) + 5(e2) + 0.25(e3f ) + 0.25(e3h ) + 0.25(e3b ). (3.15)
The weight factors were chosen based on preliminary optimization results. The
weight factors are dependent on the units used in the analysis. The factors were selected
to give the more intuitively-attractive designs lower objective function values.
3.4.2 Optimization Parameters
Figure 3.1 identifies 19 design parameters: 14 connection dimensions, 1 angle
dimension, and 4 spring rates. Of the of 19 design parameters, only 8 are optimized. The
optimization vector, ~X , includes the following parameters
~X = [A02x , A02y ,C0x ,C0y,D0x ,D0y, k2, k4]. (3.16)
The remaining parameters were not optimized because the objective function was found
to be insensitive to these parameters. Evidence for this is provided in Appendix A.1.
Selecting (rather than optimizing) the insensitive design parameters reduces the
optimization time and simplifies the physical prototype design process for the CamWalk.
3.4.3 Optimization Routine
Genetic algorithms (GAs) are used to find the optimum design for this highly
nonlinear objective function. GAs seek the global minimum for the objective function and
they are efficient at converging even for problems with several parameters. The
optimization routine is summarized in Fig. 3.6 inside the dashed box with arrows
indicating the routine the inputs and outputs.
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Figure 3.6: Optimization Routine.
The inputs and outputs of the optimization are:
Inputs θ(t) The ankle angle profile of the average walker.
F (t) The leg force profile for the average walker.
Tref(t) The ankle torque profile of the average walker.
~XUB Vector of upper bounds for each design parameter.
~XLB Vector of lower bounds for each design parameter.
Outputs ~X∗ The optimized design parameters.
f ( ~X∗) The objective function value of the optimized design parameters.
Selection of the parameter bounds, ~XUB and ~XLB, is discussed in Appendix A.2
3.5 Optimal Results - Average Walker
The CamWalk was optimized to match the mechanical performance of an average
healthy ankle. The θ(t), F (t), and Tref(t) inputs were the profiles presented in Section 1.2
for a walker mass of 56.7 kg [11]. The leg deflection was limited to 15 mm. It was
assumed that leg deflections greater than 15 mm would be undesirable to the amputee.
The total set of optimized and selected design parameters is given in Table 3.1
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Table 3.1: Optimized Design - Average Walker (56.7 kg)
Parameter x (mm) y (mm)
A02 37.0 -43.0
A03 53.0 -60.0
A04 37.0 -43.0
B03 -5.0 -57.0
B04 27.0 25.0
C0 -16.0 76.32
D0 19.26 45.29
γ 24.45 (◦)
k1 300 (N/mm)
k2 279.7 (N/mm)
k3 10.0 (N/mm)
k4 183.5 (N/mm)
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Figure 3.7: Average Natural and Simulated Torque Profiles.
Figure 3.7 shows the simulated ankle torque profile, Fig. 3.8 shows the simulated
torque-angle curve, and Fig. 3.9 shows the simulated leg deflection profile for the optimal
design for an average walker.
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Figure 3.8: Average Natural and Simulated Torque-Angle Curves.
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Figure 3.9: Simulated Leg Deflection Profile.
The torque increase from the coupling spring is shown in Fig. 3.8 at the maximum
ankle angle. The simulated ankle torque is higher during powered plantarflexion than
during controlled dorsiflexion producing a net rotational work of 44.47% of the work
performed by the average natural ankle. The simulation indicates that the CamWalk can
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indeed produce powered push-off by the ankle. Because the leg deflection was limited to
15 mm, the CamWalk’s work relative to the natural ankle is limited. The estimated
maximum work that can be converted from translation along the leg to rotation about the
ankle for the allowed leg deflection is given by
Wmax = Fmax |∆r |max , (3.17)
where Fmax is the maximum leg force from the input profile, and |∆r |max is the maximum
allowed leg deflection. The maximum possible work conversion is 8.94 J, which is 48.4%
of the natural ankle work. The optimized design of the CamWalk attains 92% of the
48.4% estimated maximum convertible work.
3.6 Spring Customization for Individuals
These simulation results indicate that the optimized CamWalk generates a
significant powered push-off for propelling the average walker forward. A successful
design produces reliable powered push-off behavior for many individuals. Because
standard compression springs are used in the spring network of the CamWalk, the springs
are easily interchangeable. Keeping the same geometric design from the optimization for
the average walker, the springs are optimized for a specific user to produce reliable
powered push-off. The spring rates were independently optimized using dynamic profiles
of three different healthy individuals. The ankle torque-angle curves are shown in Figs.
3.10 - 3.12. Curves for multiple strides are plotted together to show the the repeatability
of CamWalk’s performance. The solid curves are the simulated performance of the
CamWalk with optimized springs. The dashed reference curves are the natural
performance of the subject’s ankle for a each stride. Because it is inconvenient to
interchange springs between strides, the same spring set is used to simulate the
torque-angle curve for each stride of a specific subject.
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Figure 3.10: Ankle Torque-Angle Curves - Subject 1.
−20 −15 −10 −5 0 5 10 15−50
0
50
100
150
200
Ankle Angle [deg]
A
nk
le
 T
or
qu
e 
[N
m]
 
 
Natural 1 
Simulated 1 : 62.9%
Natural 2 
Simulated 2 : 52.8%
Natural 3 
Simulated 3 : 44.4%
Figure 3.11: Ankle Torque-Angle Curves - Subject 2.
The average rotational ankle work for subjects 1, 2, and 3, are 50.8%, 53.3%, and
88.9% of the work generated by the subject’s natural ankle. The relative rotational work
of the prosthesis design is higher for all three individuals than for the average walker.
Subject 3 has very low ankle work, so low that the prosthesis at 15 mm of leg deflection
produces more rotational ankle work than the natural ankle (curve 1).
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Figure 3.12: Ankle Torque-Angle Curves - Subject 3.
3.7 Leg Deflection Customization
It is unknown how much mid-stance leg deflection the amputee will find
acceptable. Therefore, the prosthesis was designed to accommodate three leg deflection
settings, 15 mm, 10 mm, and 5 mm, by having an interchangeable component that defines
the slot geometry. The optimization vector is split into three sub-vectors, ~Xstd for
optimizing the standard geometry parameters, ~Xslot for optimizing the slot parameter, and
~Xsprings for optimizing the springs. Three layers of optimization are used to find the best
parameter set, ~X∗, that will lend itself to mass customization. Details of the the nested
optimization routine are in Appendix A.
The nested optimization was performed using average walker gait data profiles
[11] as inputs. The optimized design parameters are listed in Tables 3.2 - 3.4, Table 3.2
lists the standard geometry parameters. Table 3.3 lists the slot geometry for each leg
deflection setting of the prosthesis. Table 3.4 lists the recommended spring rates per mass
of the prosthesis user for each maximum leg deflection setting.
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Table 3.2: Standard Structure Connection Positions
Connection x (mm) y (mm)
A02 37.0 -43.0
A03 53.0 -60.0
A04 37.0 -43.0
B03 -5.0 -57.0
B04 27.0 25.0
C0 -16.0 76.32
Table 3.3: Slot Geometry for each Deflection Setting
Max. Leg Deflection (mm) D0x (mm) D0y (mm) γ (◦)
15 19.26 45.29 24.45
10 20.15 46.34 28.93
5 19.00 45.00 36.94
Table 3.4: Recommended Spring Rates Normalized by Mass of Amputee
(Units are in N/mm/kg)
Max. Leg Deflection (mm) k1 k2 k3 k4
15 5.29 4.93 0.176 3.41
10 5.29 4.82 0.176 4.08
5 5.29 4.16 0.176 5.65
The simulated torque profiles for three design settings (maximum leg deflections
of 15 mm, 10 mm, and 5 mm) are shown together in Fig. 3.13 with the average natural
ankle torque profile [11]. The 15 mm design produces the highest peak torque and the
lowest resistive torque during the controlled dorsiflexion (CD) phase. The 5 mm design
produced the lowest peak torque while and highest resistive torque during the CD phase.
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Figure 3.13: Simulated Torque Profiles for Three Prosthesis Settings.
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Figure 3.14: Simulated Torque-Angle Curves for Three Prosthesis Settings.
The benefit of large deflection along the leg is better illustrated by the ankle
torque-angle curves in Fig. 3.14. The area swept out by the 15 mm is much larger,
indicating the rotational work performed by the prosthesis is greater for larger leg
deflections. For 15 mm of leg deflection, the work mapped by the prosthesis accounts for
44.5% of the work a natural ankle performs; whereas, the 10 mm design maps 29.1%, and
the 5 mm design maps 13.3%.
43
0 5 10 150
5
10
15
20
25
30
35
40
45
Allowed Leg Deflection [mm]
R
el
at
iv
e 
Ro
ta
tio
na
l W
or
k 
[%
]
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Figure 3.16: Simulated Leg Deflection Profiles for Three Prosthesis Settings.
As the maximum leg deflection increases, the rotational work increases
approximately linearly as shown in Fig. 3.15. The approximate linear relationship is a
byproduct of little change in the leg force profile over the relatively quick leg defection.
The leg deflection profiles are shown in Fig. 3.16. Although the main difference between
the profiles is the limiting threshold, the 5 mm profile has a gentler deflection rate which
may be preferable to the user.
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3.8 Summary
The model indicates that the novel design concept can produce the rotational
powered push-off of a natural ankle. When 15 mm of leg deflection is allowed, the
optimized design can theoretically produce 44.5% of the natural ankle of the average
walker. The work performed by the novel passive prosthesis is significantly greater than
that of conventional passive prostheses that do -38% of the natural ankle work (as shown
in Chapter 1). The performance results for all three individual subjects show even greater
relative rotational work than for the average walker. One individual walks with little ankle
work and showed the prosthesis work to be greater than the natural ankle work when the
15 mm setting is used. Less leg deflection may be preferable to the low ankle work
subject. There is a tradeoff between maximizing the rotational work output and
minimizing the leg deflection, where the rotational work output increases approximately
linearly with the leg deflection allowance. The ideal tradeoff location may be different for
each individual, which is why the CamWalk is customizable in this aspect.
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CHAPTER 4
PHYSICAL IMPLEMENTATION
Chapter 3 reported the optimized design parameters for the CamWalk and the
theoretical performance of the design. The physical implementation of the optimized
design is presented in this chapter. Section 4.1 shows the prototype and describes the bulk
characteristics of the device. Section 4.2 presents the structure of the prosthesis and
relates the physical components to the bodies (A, B, C, etc) identified in Chapter 3.
Section 4.3 provides an overview of the physical realization with an emphasis on the
functional aspects of the design. The interchangeable components useful for mass
customization are presented in Section 4.4.
4.1 Bulk Characteristics
The purpose of the physical prototype is to test and, hopefully, prove CamWalk’s
ability to mimic the rotational powered push-off of a natural ankle. The Camwalk
prototype is mainly composed of aluminum and steel components. An ABS plastic
foot-cover is used for inserting the base structure neatly into a shoe that is approximately
the size of a US Men’s size 10 shoe. Front and side views of the fabricated prototype are
shown in Fig. 4.1 with the foot-cover. The total mass of the prototype, including the
foot-cover, is 2.2 kg [4.9 lb]. The height of the prototype, from the bottom of the
foot-cover to the top of the pyramid, is 170 mm. The maximum range of motion (ROM)
of the prototype is 20◦ of plantarflexion to 20◦ of dorsiflexion as shown in the exposed
CAD model view in Fig. 4.2.
Although the foot-cover design was not part of the parameteric optimization, some
design features are included for the prosthesis to behave like a natural foot. The natural
ankle allows the foot to roll side-to-side about an axis pointing in the toe direction; this is
called inversion and eversion. This rotation is allowed by bearing shafts in the front and
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Figure 4.1: CamWalk Prototype. Side and Front View.
Figure 4.2: CamWalk - Range of Motion.
back of body A and bearing housings in the foot insert as shown in Fig 4.3. The
foot-cover allows 5◦ of inversion and 5◦ of eversion. Tapered springs center the foot body
at a zero inversion/eversion angle. The foot-cover also has two separate toe components, a
large one and a small one. The left-right position of each toe can change for a left foot
configuration or a right foot configuration. The toes are allowed to bend upward by 25◦,
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Figure 4.3: Foot-Cover.
resisted by a thin steel cantilever beam. These features increase the ability of the
prosthesis to become level with the ground after heel-strike to give the amputee a greater
sense of stability.
4.2 Physical Structure
The primary bodies of the prototype are shown in the exploded view in Fig. 4.4.
Body A is the foot, body B is the lower-leg, and body C is the upper-leg. A steel shaft
passes through bodies A and B to serve as the ankle joint. Radial ball bearings on body A
allow for smooth rotation about the ankle joint. A ball-spline and spline shaft allow
smooth translational motion between body B and C without allowing rotation. Body D is
the slider and a point of connection for the coupling spring and the link (body E). Radial
ball bearings in the center of body D provide rolling contact between the slider and the
slot. Body F is the cam follower and body G is an intermediate component between the
cam follower and the shock absorption spring.
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Figure 4.4: CamWalk Structure. CAD Model - Exploded and Collapsed View.
4.3 Functional Overview
Figure 4.5 shows the exposed CAD model of the prototype at key positions during
the stance phase of the gait cycle. The key positions are that same positions used to
communicate the CamWalk functions in Section 2.3.
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Figure 4.5: CamWalk CAD Model at Key Stance Positions.
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Figure 4.6: Spring Network - Springs k2, k3, k4.
4.3.1 Nominal Stiffness
Springs k2, k3, and k4 contribute to the nominal stiffness of the prosthesis. The
nominal stiffness is the stiffness of the ankle joint without any coupling from leg
deflection. For springs k2, k3, and k4, the line of action of the spring rotates relative to the
foot and leg body. Therefore, the springs use hinged connections to the leg body and the
foot body. For each spring, there is a rod end, a guide shaft, and a guide hole as shown in
Fig. 4.6. The rod end and guide hole components compress the spring ends. The guide
shaft aligns the rod end with the guide hole so that the spring compression is in the proper
direction. There is relative translational motion between the guide shafts and guide holes.
Therefore, these aluminum components were hard-coat anodized and lubricated. The
guide shaft fits in the rod end and is locked in place with a set screw. Because springs k2
and k4 share a connection point to body A, they also share the same guide hole with a
spherical plain bearing to allow separate hole orientation.
The plantarflexion spring, k3 (2 springs in parallel), is engaged only at
plantarflexion ankle angles. The dorsiflexion spring, k4, is engaged only at dorsiflexion
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Figure 4.7: Spring k1, Follower, and Cam.
ankle angles. The coupling spring, k2, (two springs in parallel), is engaged depending on
the ankle angle and the leg deflection. For zero leg deflection, the coupling spring is only
engaged at dorsiflexion angles.
4.3.2 Shock Absorption
Springs k1 and k2 contribute to shock absorption after heel-strike. Shock
absorption is the only functional task of k1, therefore it is called the shock absorption
spring. The shock absorption stiffness is selected to give an appropriate amount of leg
deflection from the impact loading after heel-strike. The impact spring makes contact with
body C and with an intermediate body G. Body G makes contact with the cam follower,
body F, which contacts the cam on body A. The line of action for spring k1 (two springs
in parallel) passes through the ankle joint along the leg axis as shown in Fig. 4.7. The
guide shafts for k1 are attached to body C. There is relative motion between the guide
shaft and body G and PTFE-lined linear bearing are used to reduce friction.
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Figure 4.8: Cam Follower and Track.
The shock absorption spring is engaged when there is a downward force along the
leg axis and when the cam follower is located above the ankle joint. Figure 4.8 shows the
cam follower in more detail. The follower is located above the ankle joint when the track
bearings are at the bottom-back of the track. A small elastic band loops through the hole
in the restraint clip to pull the follower to the back of the slot.
When the cam’s critical point moves directly above the ankle joint, the follower is
pushed down the slope of the cam profile by k1. The follower is forced forward to the
vertical portion of the track. When the follower is in the vertical part of the track there is
no material contact to transfer force from k1 to the cam, effectively giving the shock
absorption spring a stiffness of zero. When k1 is disengaged, only the coupling spring
resists the downward deflection of body C. For optimal performance, the critical point of
the cam should be directly over the ankle joint when the ankle angle is at maximum
dorsiflexion. Because individuals have different maximum dorsiflexion angles the critical
point has an adjustable offset. The cam’s angular position can be adjusted relative to the
rest of body A by turning the worm of the worm-gear set shown in Fig. 4.7(a). The shaft
for the worm has an octagonal profile section. Two flat-faced set screws pinch the left and
right side of the octagonal shaft to prevent rotation of the worm. The worm gear has a
ratio of 100:1 and the worm shaft is controlled in increments of 45◦. Therefore, the
critical point offset can be adjusted in increments of 0.45◦.
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Figure 4.9: Coupling Spring.
4.3.3 Coupling Spring
The coupling spring, k2, uses the same connection strategy as springs k3 and k4.
However, k2 connects to body D instead of body B. Body D is forced down the slot by the
link when k1 in disengaged. Figure 4.9 shows the coupling spring with the link force
direction. The link becomes parallel with the slot at the maximum deflection, locking the
position of body D. The movement of body D down the slot compresses k2 and also
increases the moment arm of the spring force about the ankle joint. Therefore, the
movement of body D down the slot greatly increases the ankle torque imposed by the
coupling spring.
4.4 Interchangeable Components
Part of the CamWalk design strategy is to use interchangeable components to
customize the prosthesis for a specific user. The customization aspects of the design
increases the potential number of amputees that can be successfully fitted with the
CamWalk. Providing a single main CamWalk structure to a larger population greatly
reduces the cost of the device due to economies of scale.
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15 mm 10 mm 5 mm
Figure 4.10: Slotted Plate Set.
There are two types of interchangeable components, the slotted plate and the
springs. The slot geometry of the slotted plate determines the maximum allowed leg
deflection of the prosthesis. Three separate plates allow for three settings, 15 mm, 10 mm,
and 5 mm of leg deflection. The slotted plate also includes the connection position of k4 to
body B, but this location is the same for all three plates. The slotted plate is rigidly
attached to the rest of body B using two shoulder bolts and nuts. The bolts fix the location
of the plate between the two cantilevered prongs extending from body B. The same
hinged spring connection for k4 is is used for each slotted plate. Figure 4.10 shows the set
of slotted plates for the different maximum leg deflection settings.
The springs are interchangeable because the best set of springs depends on the
individual user. To avoid interference between components, there are constraints on the
spring’s free length, outer diameter, and inner diameter. Table 4.1 lists the constraint
limits for each spring type. The constraints in Table 4.1 are for a single spring; Spring 2 is
two springs in parallel and both springs must satisfy the constraints listed. If the selected
spring has a free length less than the maximum free length constraint, a nylon spacer is
used to make the spring barely engage at the no-load condition.
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Table 4.1: Interchangeable Spring Constraints
Spring Max. Free Length (mm) Max. OD (mm) Min. ID (mm)
k1 43.2 13.7 4.8
k2 73.3 15.8 4.8
k3 51.4 11.4 4.8
k4 45.2 15.8 4.8
4.5 Summary
The fabricated prototype has all the functional characteristics discussed in Chapter
2. The prototype geometry is that of the optimized result described in Chapter 3. The
machined components were fabricated by Multi Tool LLC, 2218 E. Norse Ave., Cudahy,
WI for a total cost of $7,795. The purchased components (bearings, fasteners, etc), were
about $400 altogether. A detailed bill of materials is included in Appendix B. Functional
testing of the CamWalk and the associated results are presented in the next chapter.
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CHAPTER 5
EXPERIMENTAL PERFORMANCE RESULTS
The theoretical ankle torque-angle curve for the CamWalk was calculated using a
quasi-static model of the prosthesis in Chapter 3. The CamWalk was fabricated and tested
to verify that the actual performance characteristics are consistent with the theoretical
results. Section 5.1 describes the robotic test method for verification of the quasi-static
model. The results from robotic testing confirm CamWalks’s ability to provide rotational
power generation at the ankle; the results are presented in Section 5.2.
5.1 Robotic Test Method
To verify the quasi-static model, the physical prosthesis was "walked" by a robot
arm used as a positioning source and the model inputs and outputs were measured. The
model inputs are: ankle angle, θ(t), and leg force, F (t). The model outputs are: ankle
torque, T (t), and leg deflection, r (t). The measured input profiles were inserted into the
quasi-static model, and the outputs of the model were compared with the measured output
profiles.
An industrial robot was used as a positioning source to walk the prosthesis. The
robot (Staubli RX-130), is a 6-axis robot rated for a payload of 12 kg. To restrict forces to
be inside the robot’s payload capacity, the spring rates were scaled by 1/10. The deflection
profiles were measured by instrumenting the CamWalk with potentiometers. A linear
potentiometer was used to measure the relative motion between bodies B and C to obtain
the leg deflection profile. A rotary potentiometer was used to measure the relative motion
between bodies A and B to obtain the ankle angle profile. The potentiometers were wired
to a National Instruments Elvis II prototyping board connected to a PC. The voltage from
each potentiometer was sampled at 1000 Hz. The potentiometers were calibrated to
convert the voltage signal to a deflection signal. The force and torque profiles were
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Figure 5.1: Key Points for the Robot Path.
obtained using an ATI F/T: Delta 6-axis Force/Torque sensor.
5.1.1 Robot Walking Motion
The robot "walk" path is described below. Eight robot end-effector locations were
specified to roughly generate a walking pattern. The points of interest are the same key
frames shown in Fig. 2.4 with the inclusion of a point at mid-stance, "Z", and an approach
point before heel-strike, "0". The key points of the robot end-effector are shown in Fig.
5.1. The world coordinate system of the robot was used for specifying the end-effector
locations with the leg angle, φ, as the orientation of the end-effector.
The end-effector positions were found relative to the ankle joint using the leg
ankle, φ, and the leg length (distance from the ankle to the end-effector) taking the leg
deflection into account. The leg ankle for each point was selected (rangeing from 15◦ to
-25◦), and the zero leg deflection leg length was measured to be 305 mm. The non-origin
ankle locations were found using the heel, H , and metatarsal, M , locations as rocking
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Figure 5.2: Plot of the Key Positions for the Robot Path.
points. A plot of the end-effector positions in space is shown in Fig. 5.2 where the
position is given by the square marker and the arrows indicate the leg orientation.
5.2 Robot Test Results
The robot test verifies three things: The CamWalk functions as expected including
the lock/unlock mechanism. The torque curve generated by the walked prototype is in
good agreement with the quasi-static model prediction. The CamWalk performs positive
rotational work at the ankle for powered push-off.
5.2.1 Functional Operation
Functionally, the prosthesis operated correctly for robotic positioning. There was
no interference or jamming within the device. The cam mechanism was able to reset
consistently once the foot partially lifted from the ground. The only thing that did not
operate exactly as expected was that the locking mechanism seemed to release early. This
was likely caused by the weight of the device pulling down from the leg more then the toe
reaction force could counteract. However, because the springs were scaled to 1/10 the
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Figure 5.3: Torque Profiles for the Robot Test and Model Simulation.
stiffness of the optimized springs, this is not too concerning. Once the springs are scaled
back to the full stiffness values, the ground reaction force during push-off will be much
greater relative to the weight of the prosthesis.
5.2.2 Model Comparison
The robot "walked" the prototype to generate the measured profiles: θ(t), r (t),
T (t), F (t). The θ(t) and r (t) profiles were inserted into the quasi-static model. Because
the robot controls the leg position instead of the force, the model was adjusted to use the
leg deflection, r (t), as the input rather than the leg force, F (t). The model simulation
torque profile is compared with the experimentally determined ankle torque in Fig. 5.3.
Figure 5.4 shows the torque-angle curve measured in the robot test and the model
prediction based on the measured input profiles. The measured rotational work by the
prototype during the robot test was 93.7% of the rotational work predicted by the
quasi-static model. The counter-clockwise progression of the torque angle curve shows
that the CamWalk generated rotational power at the ankle for push-off.
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Figure 5.4: Torque-Angle Curves for the Robot Test and Model Simulation.
5.3 Summary
The constructed prototype performed as expected. The lock/unlock mechanism
functioned correctly for every robotic test run. The measured profiles were in agreement
with the model predictions. The experimental agreement from this test verifies that the
model accurately describes the CamWalk performance when walked by the robot.
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CHAPTER 6
CONCLUSION
As previously stated, over 623,000 transtibial amputations are performed annually
in the United States. Currently available passive prostheses are light-weight and low-cost,
but do not provide powered push-off at the ankle. As a result, amputees have asymmetric
gait causing greater joint stress and energy expenditure. Active prostheses can provide
powered push-off, but are currently too expensive to be widely used. The goal of this
work is to provide a passive ankle prosthesis for transtibial amputees that closely mimics
the powered push-off performance of a natural ankle. The novel design concept of
providing compliant coupling between the DOF along the leg and the DOF about the
ankle joint to convert translational work to rotational work, is shown to be viable by the
quasi-static model simulation and confirmed by experimental results.
6.1 Work Contributions
The introduction of the cam timing mechanism is the most important design
update from the first generation approach, hence the namesake of the decive: "CamWalk".
The cam allows the ankle torque to remain lower during the controlled dorsiflexion phase
and higher during the powered plantarflexion phase in the gait cycle. The low resistive
torque and the high push-off torque result in a net rotational work preformed by the ankle
prosthesis as indicated by the counter-clockwise progression of the ankle torque-angle
curve shown in Figure 3.8.
The ankle torque profile for a specific CamWalk design, ~X , is found using a
quasi-static model of the spring network. The work performed by the design is found by
numerically integrating the ankle torque profile over the ankle angle. The quasi-static
model, with the objective function, is used to find the optimum design parameter set, ~X∗,
of the CamWalk. The optimized parameters for the average walker are reported in Section
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3.5. The optimized design theoretically produces 44.47% of the ankle work generated by
the average natural ankle when 15 mm of the leg deflection is allowed.
A fabricated prototype of the optimized design, ~X∗, was "walked" using a robotic
manipulator. The measured dynamic profiles were used to compare the measured ankle
torque, T (t), with the model simulated ankle torque, Tref(t). It was found that the
experimentally measured ankle work represented 93.7% of the rotational ankle work
predicted by the quasi-static model. Thus, the model was determined trustworthy.
Because the model is found reliable based on experimental measurements, more
confidence is placed on inferences made from model simulation results.
An additional simulation result shows that the spring rates can be optimized for an
individual user to reliably perform 44.4% or higher of the natural ankle work (15 mm of
leg deflection allowed) even with some variation in the kinetic and kinematic profiles.
Consistent rotational work performance, shows that a standard prosthesis geometry with
interchangeable springs can be effective for different individual users. Therefore, a
standard geometry obtained from the average ankle optimization can by used for multiple
subjects. Because only one device structure is necessary for a large population of
amputees, the cost of the prostheses can be relatively low due to economies of scale.
Another customization aspect investigated in this work is the maximum leg
deflection setting. There is a linear tradeoff between minimizing the leg deflection and
maximizing the rotational work performed by the CamWalk. The preferred leg deflection
setting may be different for each individual user, therefore three options are available: 15
mm, 10 mm, and 5 mm of leg deflection.
6.2 Future Work
Now that the model is shown to be accurate for a quasi-static walking condition
(robotic "walking"), the prototype should be used to verify that the model can predict the
performance for natural walking conditions. The CamWalk will be tested using by
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standard gait analysis with a transtibial amputee using the prototype. From the gait
analysis, the torque-angle curve can be obtained and the mechanical performance
analyzed. Besides obtaining the mechanical performance characteristics of the CamWalk,
subjective survey feedback from the amputee should be obtained to gauge the perceived
quality of the CamWalk. Oxygen consumption testing will also be performed to give
further evidence that the CamWalk’s powered push-off is effective at reducing the energy
expended by the user.
Human subject testing will also provide important information on how the
amputee feels about the mid-stance leg deflection of the CamWalk. The prototype should
be used at all three leg deflection settings for the subject to compare the performance and
indicate their preferred setting. In the event that sudden mid-stance deflection of any level
in undesirable, a storage element may be incorporated in the design concept for the next
generation approach. Deflection along the leg may be more acceptable to the user if it
occurs at the impact loading just after heel-strike. A storage element could be used to
store the energy from impact and later released at the maximum dorsiflexion time.
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APPENDIX A
OPTIMIZATION
This appendix provides additional information related to the optimization routine.
A.1 Optimization Parameter Selection
This section provides the justification for selecting certain design parameters
rather than optimizing them.
Springs
There are four spring rates in the total parameter set. Of these, only the coupling
spring rate, k2, and the nominal dorsiflexion spring rate, k4, were included as
optimization parameters for the routine. The impact that k1 and k3 have on the fitness
value is predictable.
According to the objective function, a plantarflexion spring gives only a small
beneficial contribution to the torque profile match and a larger harmful contribution to the
net rotational work. Therefore, the routine would select, k3 to be close to zero. Similarly,
the objective function would seek to maximize the stiffness of the shock absorption spring,
k1. If the spring rate for the shock absorption spring were low, there would be grater
compression of the coupling spring which would increase the resistive torque during
controlled dorsiflexion (CD) and reduce the net rotational work performed by the design.
Some plantarfexion stiffness is required for the prosthesis to naturally stay at the
zero-angle ankle position during the swing phase of the gait cycle until the next
heel-strike. Also, there should be some shock absorption provided by k1. These springs
were manually set at reasonable values.
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Figure A.1: Sensitivity Analysis.
Connection Locations
There are 14 connection dimension parameters. This set was reduced to 6
optimization parameters for the computer algorithm by using design constraints and
manually setting values for less-sensitive parameters. The top link connection,
(C0x ,C0y), the initial slider position, (D0x ,D0y), and the coupling spring connection to
the foot, (A02x , A02y ), were included as optimization parameters.
The chosen optimization parameters have to do with the coupling between the two
DOF. In general, the fitness value from the objective function was more sensitive to the
the coupling related parameters than the non-coupling parameters. The plots in Fig. A.1
show how the fitness value, FV , responds to an adjustment to a single design parameter.
The sensitivity is indicated by the slope of the parameter curve, where a large slope
indicates a more sensitive parameter.
Besides having larger slopes, the coupling sensitivity curves in Fig. A.1(a) show a
large step increase in the fitness value. This behavior is from the timing mechanism
consideration in the model. The timing mechanism fails when there is no leg deflection at
the maximum dorsiflexion ankle position. This step-increase in FV occurs right next to
68
the minimum FV , indicating that the best design would be right at the functional limit of
the cam.
The sensitivity analysis does not indicate the joint sensitivities of parameters.
However, joint effects of parameters for the nominal springs can be estimated. The spring
stiffness, orientation, and distance from the ankle joint approximately characterize the
nominal stiffness since the ankle angle moves less than 25◦ in either direction. Therefore,
only three of the five parameters for the nominal stiffness springs need to be optimized.
The dorsiflexion spring connection at the foot (A04x , A04y ) was constrained to share the
same connection point as the coupling spring. (Having these spring connections share the
same axis of rotation greatly simplified the physical design of the device.) The spring
connection dimensions, B04x and B04y were included in the optimization parameters
along with the spring rate, k4, thus make up three parameters total for characterizing the
nominal dorsiflexion stiffness contributed by this spring. As discussed earlier, the
inclusion of a plantarflexion spring does not beneficially impact the fitness value, but is
still necessary. Therefore, the spring connection locations, A03 and B03 were manually
selected.
Slot Angle
There are three dimensions that specify the slot geometry, D0x , D0y, and γ. The
initial slider position was addressed as the coupling spring connection, but the slot angle
has not been accounted for yet. This design parameter can be replaced by the maximum
leg deflection , |∆r |max using the locking requirement as a constraint. The constraining
aspect is shown in Fig. A.2. Since point C0 and D0 are defined and point I is defined
relative to C0 by |∆r |max . According to the locking mechanism requirement, the link must
end parallel with the slot at maximum leg deflection, meaning that the slot line of action
must intersect point I. Since point D0 is defined there is only one value for γ that satisfies
this constraint.
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A.2 Optimization Parameter Boundary Selection
This section discusses the upper and lower bounds selected for each optimization
parameter.
Spring Boundary Selection
For optimizing the spring rates, k2 and k4, the fitness value from the objective
function behaves intuitively. Figure A.3 illustrates the FV behavior with k2 and k4. There
is a minimum FV value near the base of the "cliff" which depicts the functional limit of
the cam.
The the spring value of k2 that produces the functional limit, can be directly
calculated using the equations presented in Section 3.3.4. At the maximum dorsiflexion
ankle angle, some of the torque is from the coupling spring, the rest is from the
dorsiflexion spring. The k4 value that produces the remaining torque can be estimated.
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Figure A.3: Fitness Value for Spring Selections.
The search boundaries were set to be 0.5(k2est ) to 1.0(k2est ) and 0.5(k4est ) to
1.0(k4est ). GAs were used to find the best spring values inside the search ares. This
routine requires the seven geometry optimization parameters as inputs to evaluate the
objective function and returns the optimized spring rates, k2 and k4, along with the
corresponding fitness value, FV .
Slot Geometry Boundary Selection
Recall, there are three geometry configurations of the prosthesis each allowing for
different setting of maximum leg deflection. The locking mechanism requirement results
in the slot geometry being different for each setting. There are three dimensions that
describe the slot geometry, D0x , D0y, and γ. It was decided that the link length should be
the same for each deflection setting to reduce the number of custom components. The link
length effectively replaces either D0x or D0y and is considered part of the standard
geometry optimization parameters. (D0y was chosen to be replaced by the link length, L).
The initial horizontal position of the slider, D0x , was selected to be the parameter
for which the bounds were set for optimization. The minimum bound for D0x was chosen
to be 19 mm based physical design considerations. The maximum bound was calculated
to be what the link length would physically allow. Since only one parameter needs to be
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Table A.1: Standard Structure Connection Positions
Parameter Lower Bound (mm) Upper Bound (mm)
A02x 30 50.0
A02y -50 -35
C0x -50 10
C0y 50 130
L Lmin 100
optimized, MATLAB’s "fminbnd()" routine for finding the a function’s minimum was
used, where the spring optimization routine was the function with FV being the function
output. The slot geometry optimization routine requires the standard geometry
optimization parameters as inputs one of which being the link length. After finishing, this
routine outputs: D0x , k2, k4, and FV .
Standard Geometry Boundary Selection
There are 15 geometric dimensions that describe the structure of the prosthesis, 14
linear dimensions and 1 angular dimension. Only 6 of these dimensions are used in the
optimization routine. One of these dimension is found from slot geometry optimization
routine, leaving 5 standard structure dimensions to optimize. The standard structure
parameters left for optimization are: C0x , C0y, A02x , A02y , and the link length, L. The
bounds of these parameters are given in Table A.1. (Note: the lower bound of the link
length was determined by geometry limitation based on the other parameter values.)
These parameters were optimized using GAs that used the slot geometry
optimization routine nested inside. The slot geometry optimization is used for each
maximum leg deflection setting, 15 mm, 10 mm, and 5 mm. The fitness value was found
for each slot geometry optimization. Since they used the same reference data, the lower
leg deflection setting will intrinsically report higher FV ’s since there is less translation
work to map to rotational work. To weight each setting approximately the same (slightly
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favoring the 15 mm setting), each fitness value was scaled by |∆r |max /15. The average of
the fitness values of the slot geometry optimizations was taken to be the FV of the
individual.
A.3 Nested Optimization Routine for Customization
This section shows the flow charts describing the nested optimization routine.
Bounds: 𝑋 𝑠𝑡𝑑  
GA  𝑋 𝑠𝑡𝑑  
Slot Optimization 
∆𝑟 𝑚𝑎𝑥 = 15 mm 
𝑋𝑠𝑡𝑑 not optimized 
𝑓 𝑋  
optimized 
𝑋 𝑠𝑡𝑑  
𝑋 𝑠𝑙𝑜𝑡 , 𝑋 𝑠𝑝𝑟𝑖𝑛𝑔𝑠 15 𝑚𝑚 
𝑋 𝑠𝑙𝑜𝑡 , 𝑋 𝑠𝑝𝑟𝑖𝑛𝑔𝑠 10 𝑚𝑚 
𝑋 𝑠𝑙𝑜𝑡 , 𝑋 𝑠𝑝𝑟𝑖𝑛𝑔𝑠 5 𝑚𝑚 
𝑓(𝑋 𝑠𝑡𝑑)  
Slot Optimization 
∆𝑟 𝑚𝑎𝑥 = 10 mm 
Slot Optimization 
∆𝑟 𝑚𝑎𝑥 = 5 mm 
∆𝑟 𝑚𝑎𝑥  
15 𝑚𝑚
 ∆𝑟 𝑚𝑎𝑥  
15 𝑚𝑚
 
∆𝑟 𝑚𝑎𝑥  
15 𝑚𝑚
 
𝑓 𝑋𝑠𝑙𝑜𝑡, 𝑋𝑠𝑝𝑟𝑖𝑛𝑔𝑠  
𝑓 𝑋𝑠𝑙𝑜𝑡, 𝑋𝑠𝑝𝑟𝑖𝑛𝑔𝑠  𝑓 𝑋𝑠𝑙𝑜𝑡, 𝑋𝑠𝑝𝑟𝑖𝑛𝑔𝑠  
1
3
 
Figure A.4: Standard Optimization Routine.
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Bounds: 𝑋 𝑠𝑙𝑜𝑡 
fminbnd:  𝑋 𝑠𝑙𝑜𝑡 
 
Spring Optimization 
 
𝑋𝑠𝑙𝑜𝑡 not optimized 
𝑋 𝑠𝑡𝑑, ∆𝑟 𝑚𝑎𝑥 
𝑓 𝑋𝑠𝑙𝑜𝑡, 𝑋𝑠𝑝𝑟𝑖𝑛𝑔𝑠  
optimized 
𝑋 𝑠𝑙𝑜𝑡 , 𝑋 𝑠𝑝𝑟𝑖𝑛𝑔𝑠 , 𝑓 𝑋 𝑠𝑙𝑜𝑡, 𝑋 𝑠𝑝𝑟𝑖𝑛𝑔𝑠  
Figure A.5: Slot Optimization Routine.
Bounds: 𝑋 𝑠𝑝𝑟𝑖𝑛𝑔𝑠 
GA  𝑋 𝑠𝑝𝑟𝑖𝑛𝑔𝑠 
 
Quasi-Static Model 
 
Objective Function 
𝑋𝑠𝑝𝑟𝑖𝑛𝑔𝑠 
𝑓 𝑋𝑠𝑝𝑟𝑖𝑛𝑔𝑠  
optimized 
not optimized 
𝑋 𝑠𝑡𝑑 , 𝑋 𝑠𝑙𝑜𝑡 , ∆𝑟 𝑚𝑎𝑥 
        𝜃 𝑡   
       𝐹 𝑡   
     𝑋 𝑠𝑝𝑟𝑖𝑛𝑔𝑠  
𝑓 𝑋 𝑠𝑝𝑟𝑖𝑛𝑔𝑠  
𝑇𝑟𝑒𝑓 𝑡  
Figure A.6: Spring Optimization Routine.
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APPENDIX B
PROTOTYPE
This appendix provides the Bill of Materials for the CamWalk prototype.
B.1 Bill Of Materials
The Bill of Material is provided as a list of bearings and a list of machined
components. Fasteners and rapid prototype components are not included in the Bill of
Material.
Table B.1: Bearings
Part Vendor Type QTY Unit Cost ($ ) Total Cost ($ )
SRW4ZZ Weimer Bearing Radial 3 $5.77 $17.31
R6 Weimer Bearing Radial 4 $3.55 $14.2
SFR166ZZ Weimer Bearing Radial 4 $4.78 $19.12
SFR156 Weimer Bearing Radial 2 $4.5 $9
9368T13 McMaster-Carr Sleeve 2 $0.73 $1.46
61145K37 McMaster-Carr Ball Spline 1 $158.72 $158.72
SR188 Weimer Bearing Radial 3 $4.22 $12.66
SRW188ZZ Weimer Bearing Radial 7 $4.86 $34.02
5986K65 McMaster-Carr Linear 2 $12.2 $24.4
SFRW3ZZ Weimer Bearing Radial 1 $5.62 $5.62
SR156 Weimer Bearing Radial 2 $5.98 $11.96
COM-4 Weimer Bearing Spherical 1 $10.28 $10.28
Total - - - - $318.75
Some text
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Table B.2: Machined Components
Abbrv. Name Material Quantity Unit Cost ($ ) Total Cost ($ )
BDGBLK1.BODYA AL 6061 1 $150.00 $150.00
BDGBLK2.BODYA AL 6061 1 $100.00 $100.00
BRKT.K3.BODYB STL 1018 1 $90.00 $90.00
CAM.BODYA AL 6061 1 $150.00 $150.00
CLVROD.K4 AL 6061 1 $125.00 $125.00
FLOTPLT.BODYC AL 6061 1 $510.00 $510.00
GUIDSFT.K1 AL 6061 2 $40.00 $80.00
GUIDSFT.K2 AL 6061 2 $50.00 $100.00
GUIDSFT.K3 AL 6061 2 $50.00 $100.00
GUIDSFT.K4 AL 6061 1 $50.00 $50.00
LINK.BODYE AL 6061 2 $90.00 $180.00
MNTPLT1.BODYA AL 6061 1 $125.00 $125.00
MNTPLT2.BODYA AL 6061 1 $125.00 $125.00
RODEND.K2 AL 6061 2 $110.00 $220.00
RODEND.K3 AL 6061 2 $110.00 $220.00
SFT.ANKLE STL 1018 1 $40.00 $40.00
SFT.FT.BODYA AL 6061 2 $40.00 $80.00
SFT.K2.BODYA AL 6061 1 $150.00 $150.00
SFT.K3.BODYA AL 6061 1 $50.00 $50.00
SFT.K3.BODYB AL 6061 1 $150.00 $150.00
SFT.K4.BODYB AL 6061 1 $60.00 $60.00
SFT.LINK STL 1018 2 $40.00 $80.00
SLOTPLT.10MM AL 6061 1 $160.00 $160.00
SLOTPLT.15MM AL 6001 1 $160.00 $160.00
SLOTPLT.5MM AL 6061 1 $160.00 $160.00
SPCRSHFT.BODYA AL 6061 1 $50.00 $50.00
SPLINESHAFT STL hardened 1 $150.00 $150.00
TPRDSPCR.K4 AL 6061 1 $30.00 $30.00
TRKBLK1.BODYF STL 1018 1 $210.00 $210.00
TRKBLK2.BODYF STL 1018 1 $210.00 $210.00
WORMGEAR.BODYA Bronze 1 $100.00 $100.00
WRMBLK.BODYA AL 6061 1 $90.00 $90.00
WRMSFT.BODYA STL 1018 1 $90.00 $90.00
Gold Anodize - - - $85.00
Blue Anodize - - - $85.00
Hard Anodize - - - $110.00
Total - - - $7,795.00
